Background--Impaired orthostatic blood pressure (BP) stabilization is highly prevalent in older adults and is a predictor of endorgan injury, falls, and mortality. We sought to characterize the relationship between postural BP responses and the kidney.
R ecent large-scale observational studies have demonstrated a J-shaped relationship between blood pressure (BP) and all-cause mortality in individuals with chronic kidney disease (CKD), 1, 2 raising concern about the potential harms associated with hypotension in this population. In the general population, orthostatic hypotension (OH) has been shown to be an independent predictor of cardiovascular outcomes including coronary artery disease, heart failure, and stroke. [3] [4] [5] Older individuals have the highest burden of both OH and CKD, yet the relationship between postural BP responses and kidney function has rarely been examined in this demographic. Furthermore, our tools for detecting OH are insensitive in clinical practice. OH is conventionally defined as a sustained drop in BP that exceeds consensus thresholds within 3 minutes of standing. 6 However, what constitutes a sustained change in postural BP is not clearly defined. The current classification of OH is based on a small number of data points, which do not capture the full dynamic BP response to standing. Beat-to-beat BP measurements offer the potential to refine our understanding of the relationship between postural BP behavior and the kidney by mapping the postural BP response, including the initial drop in BP and the slope of BP recovery, or stabilization, toward baseline values. Older adults demonstrate progressively delayed BP recovery (hereafter referred to as impaired BP stabilization), 7 and this has important consequences such as an increased risk of falls 8 and allcause mortality. 9 Impaired BP stabilization is associated with end-organ dysfunction in areas of the body with high perfusion demand such as the eye 10 and the brain. 11 A consistent finding among these studies is that the degree of BP stabilization, rather than the absolute initial fall in BP, appears to be the main predictor of outcome, suggesting that sustained reductions in BP result in relative hypoperfusion to vital organs. As a highly vascular organ that relies on precise autoregulation of blood flow to maintain function, the kidney may be susceptible to injury following repeated episodes of sustained hypotension. Kidney disease is also associated with the development of autonomic dysfunction, which itself could contribute to a greater likelihood of OH. A more granular assessment of the postural BP response could inform clinicians attempting to balance the benefits of treating hypertension with attendant risks of hypotension in the clinically heterogeneous population of older adults with diminished kidney function. We sought to characterize the postural BP response, in particular sustained reductions in BP, among a large sample of older community-dwelling individuals across the spectrum of estimated glomerular filtration rate (eGFR).
Methods

Study Population
Data from the first wave of The Irish Longitudinal Study on Ageing were analyzed. The Irish Longitudinal Study on Ageing is a nationally representative cohort of communitydwelling Irish adults aged 50 years and over. Details of the sampling procedure and study design have been described elsewhere. 12, 13 Wave 1 was performed between June 2009
and June 2011. All participants undertook a computerassisted personal interview in their homes and were subsequently invited to take part in a comprehensive health assessment in a dedicated health center, carried out by trained nurses. Details of the health assessment have been described previously. 14 This analysis included all participants who completed an active stand test at the wave 1 health assessment and had a simultaneous measurement of kidney function. All participants provided informed signed consent. Ethical approval for the study was granted by the Research Ethics Committee of Trinity College Dublin. All experimental procedures adhered to the Declaration of Helsinki.
Measurement of Orthostatic Blood Pressure
The continuous BP response to postural change was recorded using the volume-clamp method combined with Physiocal and brachial artery waveform reconstruction (Finometer â , Finapres Medical Systems, Amsterdam, The Netherlands). Recordings were obtained in a comfortably lit quiet room at an ambient temperature of 21°C to 23°C. Participants were asked to rest in the supine position for 10 minutes. Throughout this time the Physiocal (recalibration) function was enabled. The variables "baseline SBP" and "baseline DBP" were calculated as the mean systolic (SBP) and diastolic BP (DBP) values recorded between 60 and 30 seconds prior to the participant standing. Physiocal was switched off immediately prior to standing and remained off until completion of the test to ensure that no data were lost during this time period due to the recalibration process. Participants were asked to stand in a timely manner (<5 seconds) with or without assistance from the research nurse. The participant's arm was resting by his or her side during the period of supine rest and during standing. Upon the participants' standing, SBP and DBP were recorded for 2 minutes, during which time the participants stood quietly. The participants' BP was estimated at 10-second intervals using 5-second moving averages around each time point. The steps involved in data processing have been described in detail elsewhere. 15 
Measurement of Renal Biomarkers
At wave 1, a venous blood sample (25 mL) was collected from each consenting participant. The blood samples were transported to a central laboratory in temperature-controlled shipping boxes, where they were centrifuged, aliquoted into cryovials, and stored at À80°C. Cystatin C and creatinine were measured simultaneously from frozen plasma. Cystatin C was measured using a second-generation particle enhanced immunoturbidimetric assay (Roche Tina-quant ™ ) on a Roche (Pleasanton, CA) Cobas 701 analyzer. This assay has a measuring range of 0.40 to 6.80 mg/L and is traceable to the European reference standard material (ERM-DA471/IFCC) for cystatin C. Creatinine was measured on the same analyzer using an enzymatic method traceable to isotope dilution mass spectrometry.
Predictor Variables
For all analyses eGFR was calculated primarily from cystatin C (eGFR cys ), and in secondary analyses from creatinine (eGFR creat ), according to the CKD Epidemiology Collaboration equations 16, 17 
Study Outcomes
The primary outcome was "sustained OH," which we defined as a postural drop in BP that exceeded consensus BP thresholds for OH (SBP drop ≥20 mm Hg and/or DBP drop ≥10 mm Hg) 6 at each 10-second interval from 60 to 110 seconds inclusive. 7 Only participants who met consensus OH criteria at all of these time points were considered to have sustained OH. In an exploratory analysis we examined the pattern of postural BP responses during the active stand test, characterized as the difference in mean SBP and DBP values from baseline (resting supine) at each 10-second interval after standing, up to and including 110 seconds. The presence of "impaired BP stabilization" was inferred when the mean deficit in SBP or DBP for a given eGFR category was statistically significantly greater than that of the reference group.
Covariates
Participant characteristics included age, sex, smoking history, and self-reported physician-diagnosed conditions. Medication use was recorded during the interview, cross-checked with medication labels, and coded according to the World Health Organization Anatomical Therapeutic Chemical Classification. 18 Low-and high-density lipoprotein were measured from each of the blood samples prior to freezing. We defined the presence of diabetes mellitus as a self-reported physician's diagnosis, or receiving insulin or oral hypoglycemic medications. We defined the presence of cardiovascular disease as any 1 of the following self-reported physiciandiagnosed conditions: angina, heart failure, myocardial infarction, percutaneous coronary intervention, coronary artery bypass grafting, transient ischemic attack, or stroke. Height and waist circumference were measured at the health assessment.
Statistical Analysis
Continuous variables are described as mean (SD) or median (interquartile range) as appropriate. Categorical variables are described as count (%). We used ANOVA for the comparison of normally distributed continuous variables and the chi-squared test for the comparison of categorical variables. We examined the relationship between eGFR cys categories and sustained OH using logistic regression, with estimates reported as odds ratios and 95%CI. These models were adjusted for the following covariates: age, sex, height, baseline SBP, number of antihypertensive medications (0, 1, 2, 3, or more), cardiovascular disease, diabetes mellitus, smoking (current/former/never), waist circumference, and high-and low-density lipoprotein cholesterol. The models included a quadratic term for age to account for nonlinearity in the relationships between age and both postural BP responses 7 and prevalence of reduced eGFR. 19 In a stratified analysis we examined the differential associations between eGFR cys categories and sustained OH under antihypertensive therapy, using the likelihood ratio test.
For the exploratory analysis, we estimated the mean differences in SBP and DBP from baseline at each 10-second interval after standing for each category of eGFR cys versus the reference group (eGFR cys ≥90 mL/ min per 1.73 m 2 ). To account for the fact that the repeated BP measurements are nested within the individual and therefore correlated with each other, we ran mixed-effects linear regression models. We reparameterized the "time" variables from 11 discrete time variables (10 to 110 seconds inclusive) to a set of linear spline variables with 3 knots as follows: 10 to 20 seconds; 20 to 30 seconds; 30 to 110 seconds. We chose these knots because, at a population level, most of the absolute mean change in BP from baseline occurs within the first 30 seconds of standing, beyond which time the mean BP change from baseline is uniform. These reparameterized time variables were included in the models as fixed effects and as random effects (random intercept). Because BP measurements closer together had stronger correlations than those further apart, conditional (residual) variance was modeled using an autoregressive variance-covariance matrix across all 11 time points per individual. Each independent variable was included in the fixed part of the model, both as a main effect and as an interaction term with the time variables. Based on the fitted models, for each eGFR category, we estimated the conditional mean differences in SBP and DBP from baseline for each 10-second interval of the active stand test and plotted these. These conditional mean estimates are conditional at the means of other covariates in the model. In a secondary analysis we estimated and plotted the conditional mean differences in SBP and DBP from baseline at each 10-second interval after standing for each category of eGFR creat , using the same mixed-effects linear regression model as that described for eGFR cys above.
Only complete cases were analyzed. All analyses were performed using Stata version 14.1 (StataCorp, College Station, TX).
Results
Participant Characteristics
A total of 5035 participants attended the wave 1 health assessment. The majority (94.1%) of these participants had a venous blood sample taken for measurement of cystatin C and creatinine. Of these, 533 participants had incomplete active stand data, resulting in a study population of 4204 participants with nonmissing eGFR and complete active stand data ( Figure 1 ). Participant characteristics, by eGFR cys Table 2 provides a description of study participants who did not attend for a health assessment and participants who attended a health assessment but who were missing data for either eGFR or the active stand test.
Sustained Orthostatic Hypotension
The results of logistic regression models for the outcome sustained OH are provided in Table 3 . The overall frequency of sustained OH was 6.0% (n=252). In unadjusted analyses the likelihood of sustained OH increased steadily with diminishing eGFR cys (P for trend <0.001). A similar pattern was observed after multivariable adjustment; however, the relatively low number of events contributed to wide error bounds for these estimates. 
Pattern of Postural Blood Pressure Change
The unadjusted and multivariable adjusted relationships between eGFR cys and postural SBP responses during the active stand test are illustrated graphically in Figure 2 . The pattern of SBP responses differed by eGFR cys category. In unadjusted analyses there was a graded association between lower eGFR cys categories and impaired SBP stabilization, which was particularly marked below an eGFR cys of 45 mL/ min per 1.73 m 2 . This pattern was evident from 20 seconds after standing and was most pronounced within the first minute. The graded nature of the association was consistent in the multivariable adjusted models. The results of the multivariable adjusted regression model for the SBP response at each 10-second interval during the active stand test are summarized graphically in Figure 3 . Each eGFR cys category is compared to the reference group (eGFR cys ≥90 mL/min per 1.73 m 2 , represented by a horizontal line extending from the Y axis). Differences in the SBP response were most marked below an eGFR cys of 60 mL/min per 1.73 m 2 .
The relationship between eGFR cys categories and postural DBP responses during the active stand test is illustrated in Numbers are expressed as count (%) or mean (SD). Figure 4 . Although we acknowledge the difference in BP scale, the adjusted association between eGFR cys categories and the DBP response was overall less pronounced than the adjusted association between eGFR cys categories and the SBP response.
Secondary Analyses
The unadjusted relationship between eGFR creat categories and the SBP response was similar to the unadjusted association between eGFR cys categories and the SBP response ( Figure 5 ). After multivariable adjustment, the differences between eGFR creat groups in mean postural SBP were consistently smaller than those for eGFR cys groups. A similar pattern was observed for the association between eGFR creat and the postural DBP response ( Figure 6 ).
Discussion
In this study of postural blood pressure responses among older community-dwelling adults, we observed an increased likelihood of sustained OH with greater reductions in kidney function. This relationship was evident in individuals with relatively modest declines in eGFR cys and was independent of age, cardiovascular risk factors, resting mean BP, and antihypertensive therapy. By mapping the postural BP response across the range of eGFR cys , we observed a graded association between eGFR cys and impaired BP stabilization. This pattern was particularly marked within the first minute of standing, a time window not routinely captured in clinical practice.
There is a paucity of data describing the relationship between the postural BP response and the kidney. A study examining determinants of OH in middle-aged men found a cross-sectional association between postural SBP impairment and lower eGFR. 20 A longitudinal study of middle-aged community-dwelling adults demonstrated an increased risk of incident kidney dysfunction with OH, defined by consensus criteria using oscillometric measurements. 21 The magnitude of this risk was modest in whites using a creatinine-based eGFR threshold (<60 mL/min per 1.73 m 2 ) to define CKD.
Creatinine generation tends to be unstable in older individuals due to changes in muscle mass, often resulting in nonlinear relationships with clinical outcomes. Cystatin C has gained traction as an alternative filtration marker in older individuals because, unlike creatinine, it is not influenced by dietary protein intake 22 or muscle mass. 23 Cystatin C has demonstrated stronger and more linear risk relationships with clinical outcomes than creatinine. 24 Our study advances the literature by providing a granular description of the postural BP response in a large sample of older community-dwelling adults using novel beat-to-beat measurements across the spectrum of eGFR calculated from cystatin C. The cross-sectional design of our study limits a discussion regarding a causal relationship between kidney function and postural BP responses. Nevertheless, the association was strong and should generate some hypotheses regarding this relationship. The differential postural BP response across eGFR categories occurred early and was pronounced within the first 40 seconds of standing. Short-term regulation of BP is governed principally by the baroreceptor reflex arc. CKD has been shown to be associated with reduced baroreflex sensitivity, 25 which could explain wider fluctuations in early postural BP responses with diminished eGFR. Reductions in baroreflex sensitivity have been linked to stiffness or lower compliance of large arteries. 26 Vascular stiffness is predominantly a complication of advanced CKD but has also been demonstrated in earlier stages of CKD. 27 We also observed an increased likelihood of sustained OH in individuals with eGFR cys <60 mL/min per 1.73 m 2 . This suggests a greater degree of autonomic dysfunction in this population, which in theory could affect several components of the circulatory reflex including reduced vasomotor responsiveness or impaired central control of BP. Studies in patients with advanced CKD and those receiving dialysis have proposed that autonomic dysfunction is an important factor in the progression of kidney disease and its cardiovascular complications. 28 Our findings suggest that autonomic dysfunction may be occurring at much earlier stages of kidney disease, contributing to a greater likelihood of OH. The presence of impaired orthostatic BP stabilization may be a surrogate marker for vascular disease. Although GFR is known to decrease with age, the underlying mechanisms and natural history of this process are poorly understood. Aging is associated with a number of structural and functional changes in the kidney that might predispose to an increased susceptibility to injury from a vascular insult. Renal blood flow declines with age, particularly in the cortex, and the kidney's ability to preserve glomerular hydrostatic pressure via autoregulation also diminishes. 29 The number of functioning glomeruli reduces with advancing age, 30 further hindering the compensatory response. Glomerulosclerosis increases in a linear fashion across the age spectrum in healthy kidney donors, 31 and the ischemic pattern of this age-related glomerulosclerosis suggests an underlying vascular etiology. 32 It is thus plausible that repeated episodes of sustained hypotension, as a consequence of impaired orthostatic BP volume. The prevalence of self-reported physician-diagnosed cardiovascular disease was low (<10%) in our study population. We adjusted for cardiovascular disease in our analysis as well as for cardiovascular risk factors including diabetes mellitus, central adiposity, smoking, and dyslipidemia, although it remains possible that unidentified cardiovascular disease may have contributed to our findings. Participants with lower eGFR also tended to have higher baseline SBP and proportionately greater use of antihypertensive medications. Adjusting for baseline SBP or the burden of antihypertensive therapy did not attenuate the strength of the association between eGFR and postural BP responses. Furthermore, the estimates of association in multivariable adjusted models did not vary by the presence or absence of antihypertensive therapy.
Our study has several strengths. We measured beatto-beat BP during an active stand test in a large sample of older individuals. The Finapres device has been used extensively as both a clinical and research tool, and its methodology is well validated. 33, 34 We estimated kidney function from a standardized measurement of cystatin C, a potentially preferable filtration marker to creatinine in older adults. The Irish Longitudinal Study on Ageing data set is comprehensive, facilitating a robust appraisal of potential confounders including medications. The findings should be interpreted in the context of the study's exploratory nature and potential limitations. Our ability to infer any causal relationship between BP instability and eGFR is limited by the study's cross-sectional design. There remains the possibility of residual measured or unmeasured confounding. We included self-reported physician-diagnosed conditions as covariates, which are subject to measurement error. No explicit adjustment for multiple testing was performed, although the actual confidence intervals are provided to allow interpretation of the results. Cystatin C and creatinine were measured at a single time point, and we did not measure urinary albumin excretion. Data were missing for both kidney function and the active stand test, which may have introduced a selection bias. The degree of this bias is likely to be smaller in the estimates from the multivariable adjusted models, as the covariates in these models are predictive of "missingness" as well as predictive of exposure and outcome. Nevertheless, the potential for bias remains, and our findings are only generalizable to older community-dwelling white adults who would have been healthy enough to attend our health center assessment. 14 We report a novel association between postural BP responses and kidney function in community-dwelling older adults using beat-to-beat BP measurements. We identified an independent and graded association between impaired orthostatic BP stabilization and reductions in eGFR, which was stronger for eGFR cys than for eGFR creat . This pattern of impaired BP stabilization was evident at early stages of kidney disease and was particularly marked within the first minute of standing, a time window not usually captured by conventional oscillometric BP measurements. Although further studies are warranted to determine the clinical implications of these findings, our data suggest that there is a need for heightened awareness of postural BP behavior in those with diminished kidney function. Assessment of the postural BP response merits further study in the CKD population as a potential means of identifying individuals at higher risk of developing hypotension-related events such as falls, an important outcome not predicted by kidney function alone. 35 
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